Abstract Glyoxal is an important intermediate species formed by the oxidation of common biogenic and anthropogenic volatile organic compounds such as isoprene, toluene, and acetylene. Although glyoxal has been shown to play an important role in urban and forested environments, its role in the open ocean environment is still not well understood, with only a few observations showing evidence for its presence in the open ocean marine boundary layer (MBL). In this study, we report observations of glyoxal from 10 field campaigns in different parts of the world's oceans. These observations together represent the largest database of glyoxal in the MBL. The measurements are made with similar instruments that have been used in the past, although the open ocean values reported here, average of about 25 parts per trillion by volume (pptv) with an upper limit of 40 pptv, are much lower than previously reported observations that were consistently higher than 40 pptv and had an upper limit of 140 pptv, highlighting the uncertainties in the differential optical absorption spectroscopy method for the retrieval of glyoxal. Despite retrieval uncertainties, the results reported in this work support previous suggestions that the currently known sources of glyoxal are insufficient to explain the average MBL concentrations. This suggests that there is an additional missing source, more than a magnitude larger than currently known sources, which is necessary to account for the observed atmospheric levels of glyoxal. Therefore, it could play a more important role in the MBL than previously considered.
Introduction
Glyoxal (CHOCHO) is the smallest α-dicarbonyl compound in the atmosphere and is formed as an oxidation product of a number of volatile organic compounds (VOCs) like isoprene and monoterpenes. Initial interest in glyoxal within the atmospheric boundary layer was generated by reports of elevated concentrations at urban locations [Grosjean et al., 1990; Volkamer et al., 2005a; Sinreich et al., 2007] and in forest environments [Huisman et al., 2011; MacDonald et al., 2012] , with peak levels ranging between a few hundred parts per trillion (pptv, equivalent to pmol mol À1 ) to low parts per billion (ppbv, equivalent to nmol mol À1 ) observed using ground-based instruments. Satellite observations have also been reported using the Scanning Imaging Absorption Spectrometer for Atmospheric Cartography [Wittrock, 2006; Wittrock et al., 2006] , the Ozone Monitoring Instrument (K. Chance, personal communication, 2013) , and the Global Ozone Monitoring Experiment-2 [Lerot et al., 2010; Vrekoussis et al., 2010] . These observations also see large values over forested regions and over locations with anthropogenic activities, in line with ground observations. The known sources of glyoxal are biogenic (e.g., isoprene and monoterpenes) [Spaulding et al., 2003; Fu et al., 2008; Stavrakou et al., 2009] and anthropogenic (such as aromatic compounds from vehicle emissions and biomass and fossil fuel burning) [Volkamer et al., 2001 [Volkamer et al., , 2005a Fu et al., 2008] . Although large peak concentrations could be observed in urban areas mainly due to anthropogenic activity [Volkamer et al., 2005a; Sinreich et al., 2007] , the largest global source of glyoxal is estimated to be the oxidation of biogenic VOC emissions, primarily isoprene [Fu et al., 2008; Stavrakou et al., 2009] . The total continental source of glyoxal to the atmosphere is constrained by satellite measurements to range between 94 and 108 Tg/yr, of which only about 50% is currently explained by known sources [Fu et al., 2008; Myriokefalitakis et al., 2008] . is determined by three main sink pathways-photolysis, reaction with OH, and loss due to uptake on aerosols . The importance of glyoxal in secondary organic aerosol (SOA) formation has been an area of increased interest recently, although questions remain over the mechanism of glyoxal uptake [Kroll et al., 2005; Liggio et al., 2005; Ervens and Volkamer, 2010; Nakao et al., 2012] . Glyoxal uptake may also contribute to the missing source of SOA in the free troposphere identified in current global models such as GEOS-Chem [Heald, 2005; Tan et al., 2009] .
Although several observations of glyoxal have been reported in the past (see above), most observations were performed over land and questions remain about its distribution over the remote ocean. Satellite-based measurements have indicated the presence of significant levels of glyoxal over the tropical oceans Lerot et al., 2010; Vrekoussis et al., 2010] . These observations show vertical columns exceeding 5 × 10 14 molecules cm À2 , which is equivalent to a concentration of at least 200 pptv if the glyoxal is confined within a boundary layer of 1000 m. These observations, in combination with model assumptions, indicate that tropical oceans could add up to 20 Tg/yr to the global glyoxal source [Myriokefalitakis et al., 2008] . However, the retrieved glyoxal abundances from different satellite observations are not consistent with retrieval issues related to low albedo over oceans, cloud coverage, and interference from water absorption and ring spectra. Furthermore, global glyoxal distributions using atmospheric models show a mismatch with satellite measurements in remote tropical ocean regions, where the models predict very low levels of glyoxal [Fu et al., 2008; Myriokefalitakis et al., 2008; Stavrakou et al., 2009] .
This discrepancy highlights the need for ground-based observations to validate the satellite observations. A recent study was conducted in the eastern Pacific Ocean, where glyoxal observations of up to 140 pptv were reported [Sinreich et al., 2010] using the multi-axis differential optical absorption spectroscopy (MAX-DOAS) method. The authors suggested that the VOC concentrations needed to explain that about 100 pptv of glyoxal are either 600 pptv of isoprene, 2.8 ppbv toluene, or 8.9 ppbv acetylene, or lower concentrations if multiple compounds were present. However, the currently measured isoprene concentrations do not exceed 40 pptv in the marine boundary layer (MBL) and are mostly in the order of 10 pptv [Sinreich et al., 2010] . Thus, these reported observations, which show some agreement with satellite data, cannot be fully explained using the current knowledge of glyoxal source and sink chemistry, and considerable work is currently being done to discover a new source for glyoxal in the remote ocean environment.
Here we report observations of glyoxal using the MAX-DOAS and the long-path DOAS (LP-DOAS) methods in the MBL in different parts of the oceans over multiple years. This large database is then used to estimate the distribution of glyoxal and check whether an extra source is necessary to explain the observations or whether our understanding of the current sources and sinks is sufficient to explain them.
Experiment
Observations of glyoxal were made using the MAX-DOAS and LP-DOAS method during 10 field campaigns. . The LP-DOAS method was used during the HALOCAVE campaign at Cape Verde and CHARLEX campaign at the Galapagos Islands, while MAX-DOAS was used in every other campaign, including the CHARLEX campaign. A map with all the locations and cruise tracks is shown in Figure 1 , along with the names of the campaigns during which the measurements were made.
Both, MAX-DOAS and LP-DOAS make use of the well-established differential optical absorption spectroscopy (DOAS) method, which has been used on several different platforms including ground, balloon, aircraft, and satellites [Perner and Platt, 1979; Plane and Saiz-lopez, 2006; Platt and Stutz, 2008] . DOAS allows the detection of weak absorption features and thus has high sensitivity that can be used to detect molecules such as glyoxal, which have low concentrations in the atmosphere. The MAX-DOAS method uses scattered sunlight from different viewing elevation angles, which provides a cost-effective and robust method for measurement [Hönninger et al., 2004; Wagner, 2004; Wittrock et al., 2004] . The DSCDs can then be converted into mixing ratios by the use of air mass factors, which can be calculated using radiative transfer modeling or the O 4 slant columns for the lower layers [Platt and Stutz, 2008] . The LP-DOAS method uses a Xe lamp as a light source, with a Newtonian telescope housing or fiber LP-DOAS telescope acting as both the transmitting and receiving optics. The advantage of this method is the fact that the atmospheric light path is known, and hence the derivation of mixing ratios is direct. The LP-DOAS instrument involved in the CHARLEX study has been used in several studies before, and details can be found elsewhere [Plane and Saiz-lopez, 2006; Mahajan et al., 2011; Gómez Martín et al., 2013] , while the instrument used in HALOCAVE has also been used several times in the past, and details of the instrumental setup at Cape Verde have been given elsewhere [Carpenter et al., 2011] .
In the case of the glyoxal retrieval using DOAS, several different analysis procedures have been commonly used [Sinreich et al., 2010; Li et al., 2012; Liu et al., 2012; MacDonald et al., 2012] . Most of the retrievals involve two major CHOCHO absorption bands including one at about 440 nm and the relatively strong band at around 455 nm. The differences in the analysis procedures are mainly due to the treatment of the large water vapor absorption structures in the same spectral window. The first and most common method of analysis is the traditional DOAS analysis, during which all the contributions of individual species to the differential optical density spectra are determined by simultaneously fitting their laboratory-measured absorption cross sections using singular value decomposition. For MAX-DOAS glyoxal measurements, either the 420-460 nm window or the 433-460 nm spectral window are normally used including glyoxal [Volkamer et al., 2005b] , water vapor [Rothman et al., 2013] , iodine oxide [Spietz et al., 2005] , oxygen dimer [Hermans, 2002] , nitrogen dioxide [Vandaele et al., 1997] , ozone [Bogumil et al., 2003] , and a ring spectrum [Chance and Spurr, 1997] as the absorbers, in addition to a third-order polynomial for generating the differential optical spectra and the zenith spectrum from each elevation angle scan sequence as the reference spectrum. An example of the spectral fits using this method is shown in Figure 2 . The LP-DOAS data analysis uses similar spectral windows and absorbers except ozone and the ring spectrum. As reference spectrum, a measurement of the light source itself is used. The largest source of structure in the residual is due to the water vapor absorption, which peaks around 443 nm in the chosen window. To reduce the structure remaining in the residual, the second retrieval method uses a gap for the strong water vapor absorption features rather than the whole spectral window, ensuring that the glyoxal absorption bands are not affected. This gap generally leads to an improvement in the root-mean-square (RMS) of the residual and hence the detection limit in comparison to the first method, if based on the RMS. Our tests indicated that using the second method leads to lower DSCDs, by about 10-15% for most of the campaigns, but even lower (up to 70% lower for DSCDs > 1 × 10 15 molecules cm À2 compared to using no gap during the TransBrom campaign) for others, although the improvement in the noise can be about a factor of 2 due to the gap over the large water absorption features. The third method of retrieval is using a water vapor cross section derived from the atmospheric measurements using a ratio of spectra at different elevation angles [Sinreich et al., 2010] . This method leads to the best signal-to-noise ratio because the water vapor reference spectrum is derived by the instrument itself; its specific optical properties inherently lead to better spectral retrieval with less systematic structures. For this procedure to succeed, it is necessary to have measurement spectra without any glyoxal absorption, but a strong water vapor absorption signal, to avoid interferences from the beginning. If, as suggested by Sinreich et al. [2010] , glyoxal is ubiquitous on the open ocean, this is difficult. Using this method, during the CHARLEX, HaloCAST-P, and MALASPINA campaigns, the retrieved DSCDs were different than the first two methods. The difference was not a constant offset, and we were not able to observe any strong dependence on measured parameters. An example of comparison of fits using the three major different methods is shown in Figure 3 , in which the third method retrieves 30-40% larger DSCD than the earlier two methods. However, it should be noted that this increase is dependent on the spectrum, time, and location and is not a constant increase. We should however point out that similar tests in the past by some other groups showed that the glyoxal DSCDs were not affected by using this artificial cross section, although the detection limits were greatly improved [Sinreich et al., 2010] . Unfortunately, no recommended glyoxal settings to use for DOAS analysis exist at the moment, and the DOAS community needs to address this through intercomparison campaigns in regions with low glyoxal levels, close to the detection limit of the instrument, and comparison to other measurement techniques, to ascertain the robustness of the analysis procedures used. For this study, we use either of the first two methods, i.e., using laboratory-measured absorption cross sections with or without a gap in the analysis spectral window. The retrievals are done either with the commonly used analysis programs QDOAS/WinDOAS [Fayt and Van Roozendael, 2013] , DOASIS [Lehmann, 2013] , NLIN_D [Richter et al., 1999] or in the case of SOAP and HALMA, with code developed at National Institute of Water and Atmospheric Research (NIWA) (by Paul Johnston) [Vandaele et al., 2005] . A summary of the retrieval settings used herein are given in Table 1 . An opportunity to run an intercomparison study between two instruments at the same place was presented during the TransBrom study, where two MAX-DOAS instruments, belonging to the Institute of Environmental Physics, University of Heidelberg, Heidelberg, Germany (IUP-UH), and the Institute of Environmental Physics, University of Bremen, Bremen, Germany (IUP-UB), were present. The comparison between the two retrievals for the 3°elevation angle, for data above the detection limit of the instruments, is presented in Figure 4 . The r 2 was 0.19, and the gradient of the linear fit between the two data was 0.25. The IUP-UH data, which were retrieved using a 420-460 nm window, with a gap for the water vapor from 441-447 nm, were consistently lower than the IUP-UB-retrieved DSCDs, which were retrieved using a window of 424-458 nm, without any gap and the differences increased at larger DSCDs. It should be noted that the comparison is difficult due to different sampling strategies; for example, the IUP-UB instrument had more elevation angles and changes in the azimuth direction, while the IUP-UH instrument did not. 
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A series of filters were applied to the data to ensure the quality of the retrieved DSCDs used for further analysis and comparison. The data were filtered for solar zenith angles greater than 65°, an RMS of greater than 2.5 × 10
À3
, and a cloud index. The cloud index (0 -clear sky, 1 -cloudy sky) is a metric for estimating the sky conditions. The filter is calculated using a ratio of radiation fluxes from the edges of the spectral window (420 nm and 459 nm) and elevation angles measured using the MAX-DOAS instrument in order to distinguish the predominant scattering conditions. This ratio was calculated between the zenith and the lowest elevation angles, with a low ratio indicating a cloudy environment. This ratio is used in conjunction with radiometer data, and the DOAS-retrieved O 4 DSCDs. A threshold of 1.1 was calculated, above which the conditions were cloud free (cloud index of 0). It is difficult to compute the uncertainties on the cloud index; in fact, the filter is a stringent cutoff. This would mean that the cloud filter procedure is conservative, with a risk of disregarding some valid data near the threshold, but it ensures that only data from clear sky conditions were used for further analysis. A similar filter has been used previously by other groups for similar studies [Sinreich et al., 2010; Mahajan et al., 2012] . Figure 5 shows the MAX-DOAS glyoxal DSCDs along different viewing angles for all the campaigns included in this study. It can be seen that for most of the studies, the DSCDs at 3°elevation angle (or 2°for MALASPINA, SOAP, and HALMA) are less than 2 × 10 15 molecules cm
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À2
. In some cases, higher DSCDs were observed when the ships were closer to the coast; e.g., during SHIVA, DSCDs peaking at~3 × 10 15 molecules cm À2 were observed on the last day of the cruise close to Manila, while elevated DSCDs during the MALASPINA study were only observed close to the sea ports. Our measurements show that the glyoxal DSCDs in most of the remote MBL are an average of 2.5 times (ranging between 1.5 and 5 times) lower than past reports of elevated DSCDS, which were up to 3.5 × 10 15 molecules cm À2 at 1.5°elevation angle or 2.5 × 10 15 molecules cm À2 at 3.8° [Sinreich et al., 2010] . A consistent feature across the different campaigns in the present study is that lower elevation angles display higher DSCDs, indicating enhanced glyoxal concentrations in the lower troposphere.
For selected days during the CHARLEX study, where at least three viewing elevation angles pass the quality and cloud filters, volume mixing ratios were retrieved from the MAX-DOAS DSCDs following the so-called O 4 method [Wagner, 2004] to estimate the scattering properties of the atmosphere and using the NIMO fully spherical Monte Carlo radiative transfer model [Hay et al., 2012] . This procedure is explained in detail in a previous paper on ship-based MAX-DOAS measurements in the eastern Pacific . Briefly, an aerosol profile is estimated in order to reproduce the observed DSCDs of O 4 , whose vertical distribution is well known and is proportional to the square of the O 2 concentration. Parameterized aerosol profiles with varying aerosol optical depths and shapes were prescribed, and the profile parameters are floated to obtain the best match between the forward modeled and the observed O 4 DSCDs. The surface glyoxal mixing ratios estimated using this method resulted in values less than 40 pptv in the open ocean environment.
Glyoxal was not observed above the detection limit of the LP-DOAS during the 8 month CHARLEX study on the Galapagos Islands in the eastern Pacific or the HALOCAVE study on the Cape Verde Islands. The range of mixing ratios retrieved from the MAX-DOAS-based DSCDs stayed below the detection limit of 50 pptv of the ); and (c) using an artificial water vapor cross section created using spectra measured in the field, which greatly reduces the noise (CHOCHO DSCD = 1.7 × 10 15 molecules cm
). 12.6 km, detection limit 60 pptv; and 30 October to 11 November 2010, path length~12.6 km, detection limit 60 pptv). The detection limits vary due to different absorption path lengths and xenon lamps. In the past, a longterm study (November 2006 to July 2007) on the Cape Verde Islands in the Atlantic Ocean also reported an absence of glyoxal above the LP-DOAS detection limit of about 150 pptv, two sigma [Mahajan et al., 2011] . This range of mixing ratios is lower than past reports over the eastern Pacific, where estimates were up to 140 pptv [Sinreich et al., 2010] . It should be noted that the past reports were done in different years, which could explain the differences in retrieved DSCDs. The data reported by Sinreich et al. [2010] were acquired in October-November 2008, which does not overlap with any of the periods reported here (see Figure 5 ). However, it is also likely that the differences are due to DOAS analysis methods, as explained in section 2, and hence further work is necessary to ascertain the best settings for stable glyoxal retrievals. Figure 6 shows the geographical distribution of glyoxal as a dayaveraged composite of the lowermost elevation angle of all the studies included here. The landbased studies where MAX-DOAS observations were available (CHARLEX and HALMA) have been time averaged for the entire measurement period. It can be seen that the glyoxal DSCDs are low over most of the world's oceans, with a few high values close to the coast, and in East Asia compared to the rest of the campaigns. In most of the global MBL, the glyoxal columns are under the detection limit of the instruments, which depended on the study. Interestingly, there is a lack of a clear increase of glyoxal in the tropics, contrary to what has been suggested by satellite observations in the past [Lerot et al., 2010; Vrekoussis et al., 2010] . The satellite retrieval indicates that there should be an increase in the tropics, although the open ocean values are close to the detection limit (2-3 × 10 14 molecules cm
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). This increase, when compared to the northern midlatitudes, was not observed by the surface studies, even though during ANT-28 potentially the outflow from Africa was observed, as it can be observed from a satellite [Vrekoussis et al., 2010] . Note that over the open ocean, satellite retrievals are difficult to perform due to the low albedo Figure 4 . A comparison of the differential slant column densities above the detection limit for the 3°elevation angle during the TransBrom campaign in the western Pacific is shown. Two MAX-DOAS instruments (University of Heidelberg (UH) and University of Bremen (UB)) were involved in the study and showed a weak correlation and a large difference in the absolute DSCDs. It should be noted that the comparison is difficult due to different sampling strategies; for example, the IUP-UB instrument had more elevation angles and changes in the azimuth direction, while the IUP-UH instrument did not. Großmann et al. [2013] , respectively). Empty circles indicate data under the detection limit, whereas filled circles show data above the detection limit. Please note that during MALASPINA and HALMA, the lower viewing angles were different from the rest of the campaigns.
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and interference from the water vapor spectra, absorption by liquid water [Pope and Fry, 1997; Richter et al., 2011] , and vibrational Raman scattering in water [Vountas et al., 2003] , and hence open ocean retrievals should be regarded carefully. This applies for ground measurements as well, since for the lowest elevation angles (<10°) of ground measurements, about 10-15% of the measured photons have been in contact with ocean surface water [Großmann et al., 2013] . It is also possible that the satellite observes an elevated layer of glyoxal, but this would have to be geographically restricted to a few regions, rather than widespread in the free troposphere. One of the main interferences in the wavelength window utilized for retrieval of glyoxal has been recognized to be the absorption by liquid water [Richter et al., 2011] , and it is possible that this effect is still not completely accounted for considering the largest differences seen in the tropical region.
The satellite captures the elevated concentrations in East Asia similar to the SHIVA campaign [Vrekoussis et al., 2010] . Higher column densities are also observed over land, which is supported by previous land-based campaigns [Volkamer et al., 2005a; MacDonald et al., 2012] , and the fact that elevated DSCDs were observed closer to the coast in most of the studies included here. Thus, there is a discrepancy between the satellite observations and the ground-based studies, which needs to be explored further in addition to the uncertainties in the DOAS analysis procedure.
The most important natural precursors of glyoxal are known to be isoprene (8% yield [Bey et al., 2001] ), and acetylene (65% yield [Hatakeyama et al., 1986] ). Assuming an OH concentration of 0.12 pptv and an atmospheric lifetime for CHOCHO of 2 h, the VOC concentration needed to explain 25 pptv of glyoxal (average from all studies) is 150 pptv of isoprene or 2.5 ppbv acetylene, or lower concentrations if multiple VOC sources of glyoxal are present. Isoprene concentrations in the MBL are much lower than 150 pptv, typically around 10 pptv [Palmer, 2005] , while concentrations of acetylene are in the range of 200 pptv [Carpenter et al., 2011] . Thus, based on the data presented herein, it is likely that an additional source of glyoxal is still necessary to explain the MBL background mixing ratios, even if they are lower than previously reported [Sinreich et al., 2010] . There is growing evidence for a seawater source of glyoxal [Pinxteren and Herrmann, 2013] , although there is still no clear picture on the exact nature of the source or its strength.
Conclusions
MAX-DOAS and LP-DOAS observations of glyoxal were made in different parts of the world's oceans during 10 field campaigns between 2009 and 2013. The observations indicate that the levels of glyoxal in the MBL are lower than previously estimated. They are, however, still larger than what the known sources of glyoxal can account for. There is also a discrepancy between the satellite estimations and the data presented here, indicating shortcomings in the retrieval procedures of glyoxal. We encourage the DOAS community to conduct thorough testing of the DOAS retrieval of glyoxal, especially in areas with low levels close to instrumental detection limits. Further studies are required to rule out the influence of water cross sensitivities on glyoxal retrievals. Moreover, the results presented here highlight the need of additional investigations on a possible new source of glyoxal in order to explain the concentrations measured in the remote open ocean environment. 
